Rett syndrome (RTT) is one of the most prevalent female mental disorders. De novo mutations in methyl CpGbinding protein 2 (MeCP2) are a major cause of RTT. MeCP2 regulates gene expression as a transcription regulator as well as through long-range chromatin interaction. Because MeCP2 is present on the X chromosome, RTT is manifested in an X-linked dominant manner. Investigation using murine MeCP2 null models and postmortem human brain tissues has contributed to understanding the molecular and physiological function of MeCP2. In addition, RTT models using human induced pluripotent stem cells derived from RTT patients (RTTiPSCs) provide novel resources to elucidate the regulatory mechanism of MeCP2. Previously, we obtained clones of female RTT-iPSCs that express either wild-type or mutant MECP2 due to the inactivation of one X chromosome. Reactivation of the X chromosome also allowed us to have RTT-iPSCs that express both wildtype and mutant MECP2. Using these unique pluripotent stem cells, we investigated the regulation of gene expression by MeCP2 in pluripotent stem cells by transcriptome analysis. We found that MeCP2 regulates genes encoding mitochondrial membrane proteins. In addition, loss of function in MeCP2 results in de-repression of genes on the inactive X chromosome. Furthermore, we showed that each mutation in MECP2 affects a partly different set of genes. These studies suggest that fundamental cellular physiology is affected by mutations in MECP2 from early development, and that a therapeutic approach targeting to unique forms of mutant MeCP2 is needed.
INTRODUCTION
Rett syndrome (RTT) is one of the most prevalent female neurodevelopmental disorders. RTT symptoms include seizures, developmental regression, typical hand wringing and motor abnormalities. Most RTT patients have a mutated X-linked gene encoding methyl-CpG-binding protein 2 (MeCP2) (1, 2) . MeCP2 regulates the expression of neuronal developmental genes such as BDNF and DLX5/6 (3, 4) . Expression of MeCP2 at high dosage also causes detrimental RTT phenotypes (5, 6 ). The molecular mechanism by which MeCP2 regulates gene expression is under active investigation. Since MeCP2 interacts with repressive histone modification enzymes such as SIN3A and HDAC1, MeCP2 was initially proposed as a transcription repressor (7, 8) . However, global gene expression analysis in the hypothalamus of Mecp2 null and transgenic mice implicates MeCP2 in transcription activation as well (9) . In addition, ChIP analysis of MeCP2 in human neuronal cells showed that MeCP2 binds promoters of active genes, further supporting the notion that MeCP2 acts as a transcription activator (10) . MeCP2 is also involved in RNA splicing (11) , silent-chromatin looping (4), regulation of ubiquitin ligase (12) , cell cycle regulation, apoptosis (13) and repression of LINE-1 retrotransposition (14, 15) .
In female cells, one of the two X chromosomes is inactivated (XCI) to balance the expression of genes on X chromosome to that in male cells. During early development, XCI occurs when XIST transcripts from one of the X chromosomes coat in cis the chosen X chromosome, which is then repressed by heterochromatic modification through trimethylation of histone H3 lysine 27 (H3K27me3) (16) . Human female embryonic stem cells (hESCs) display three distinct patterns of XCI: class I cells have two active X chromosomes and recapitulate XCI † These authors contributed equally to this work. * To whom correspondence should be addressed. Tel: +1 2037374189; Fax: +1 2037857095; Email: inhyun.park@yale.edu # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com during differentiation; class II cells have one inactive X chromosome with detectable XIST and H3K27me3; and class III cells also have one inactive X chromosome, but do not show H3K27me3 and XIST (17) . Induced pluripotent stem cell (iPSC) clones that we previously isolated express either wild-type MECP2 (RTT-wt-iPSCs), mutant MECP2 (RTT-mu-iPSCs) or both (RTT-bi-iPSCs) (18) . Whereas RTT-wt-iPSCs and RTTmu-iPSCs show the distribution of class II hESC-like patterns, RTT-bi-iPSCs show that of class I. Recent studies demonstrated that long-term culture, oxygen concentration and feeder cell change X chromosome status (19) (20) (21) .
Success in generating iPSCs gives an opportunity to develop efficient human disease models (22 -24) . The patient-derived iPSCs grow indefinitely in culture and can be used for monitoring pathophysiology of the diseases and testing drug responses in vitro (25, 26) . Previously, we and other groups have derived iPSCs from fibroblasts of RTT patients with retroviruses expressing four reprogramming factors (OCT4, SOX2, KLF4 and MYC) (18, (27) (28) (29) . Neurons differentiated from RTT-iPSCs showed the morphological and functional phenotypes that are known in RTT patients and murine models. In addition to the essential function of MeCP2 in neurons, recent studies showed that abnormal function of MeCP2 in non-neuronal cells, including astrocytes and microglia, is critical in RTT (30, 31) . These results suggest that MeCP2 plays a critical role in other non-neuronal cells expressing MeCP2, including pluripotent stem cells.
Here, we set out to examine the regulation of pluripotent genes by MeCP2 using human RTT-iPSCs. We performed a transcriptome analysis of normal hESCs, iPSCs and RTT-iPSCs with massively parallel RNA sequencing (RNA-seq). Comparative analysis of global gene expression patterns indicates that mutant iPSCs are separable from normal iPSCs and ESCs. Our data showed that some sets of genes are differentially expressed between mutant RTT-iPSCs and wild-type iPSCs, although the expression of MeCP2 is relatively lower in pluripotent stem cells compared with neurons. In addition to genes involved in neuronal development or function, MECP2 mutant RTT-iPSCs showed the up-regulation of mitochondria-related genes. Furthermore, comparative analysis among RTT patients revealed that distinct genes are affected by different mutations in MeCP2. Together, our results show that MeCP2 regulates physiologically fundamental genes from very early embryonic development, suggesting the importance of investigating the role of MeCP2 in diverse cell types.
RESULTS

Global expression similarity among hESCs, iPSCs and RTT-iPSCs
RTT-iPSCs were obtained from five different patients, who have distinct mutations in different domains of MeCP2: RTT1 (T158M), RTT2 (Q244X), RTT3 (E235fs), RTT4 (R306C) and RTT5 (X487W) (Supplementary Material, Table S1 ). The X chromosome status in human ESCs, normal iPSCs, and RTT-iPSCs were evaluated by staining cells using a H3K27me3 antibody as in previous studies (18, 32) (Supplementary Material, Fig. S1A ). Furthermore, we applied MeCP2 transcripts of each iPSC line to Sanger sequencing to determine whether RTT-iPSC clone expresses either wild-type MECP2 (RTT-wt-iPSCs), mutant MECP2 (RTT-mu-iPSCs), or both wild-type and mutant MECP2 (RTT-bi-iPSCs) (Supplementary Material, Fig. S1B ). X chromosome status was further assessed by fluorescent in situ hybridization (FISH) and qPCR to determine the presence of XIST coating (16) . Consistent with the corroborative mechanism in XCI, XIST foci were found in clones with H3K27me3 foci (Supplementary Material, Fig. S1C ). RTT-wt-iPSCs and RTT-mu-iPSCs show higher XIST expression than RTT-bi-iPSCs (Supplementary Material, Fig. S2 ). In addition to RTT-iPSCs, the X chromosome status of normal male (H1) and female ESCs (H7 and H9), iPSCs derived from normal males (PGP1) and females (PGP9 and Detroit 551) was assessed. The XIST expression level in RTT-bi-iPSCs is similar to that in male.
In order to investigate the regulatory role of MeCP2 in pluripotent stem cells, RNA-seq was performed. More than 20 million reads were sequenced in each sample, using the Illumina GAII or Hi-Seq 2000. 83-95% of reads were successfully mapped on the human genome (Supplementary Material, Table S1 ). Expression of mutant MeCP2 in RTT-mu-iPSCs was also observed in RNA-seq (Supplementary Material, Fig. S3) . Hierarchical clustering was then performed for the expression patterns of 14, 504 RefSeq genes. The clustering dendrogram distinguished RTT-mu-iPSCs from RTT-wt-iPSCs and normal iPSCs or ESCs (Fig. 1A) . This result suggests that MeCP2 plays a role in global gene regulation in pluripotent stem cells. In contrast, global expression patterns of RTT-bi-iPSCs were not separable from RTT-wt-iPSCs and RTT-mu-iPSCs, because RTT-bi-iPSCs express both wild-type and mutant MeCP2. Whereas three RTT-bi-iPSCs (RTT2-iPS-32bi, RTT3-iPS-46bi and RTT4-iPS19bi; group1) were closer to RTT-wt-iPSCs and the others (RTT1-iPS-10bi, RTT5-iPS-15bi and RTT5-iPS-43bi; group2) were closer to RTT-mu-iPSCs.
Human somatic cell reprogramming was shown to leave reprogramming-specific epigenetic and genetic signatures (33) . In order to determine whether MeCP2 status has influence on reprogramming-specific gene expression, we performed a direct comparison of hESCs and iPSCs. We identified genes differentially expressed between ESCs and iPSCs. Eighteen genes are highly expressed in ESCs, and 42 genes are highly expressed in iPSCs, respectively (P , 0.05; Supplementary Material, Fig. S4 ). ESC-specific genes include TMEM132D, FAM19A5 and TCERG1L, which were previously identified as genes that are repressed in iPSCs (33) . Interestingly, only in RTT-wtiPSCs, iPSC-specific genes were significantly over-represented (Fig. 1B , false discovery rate (FDR) q , 0.05), and the ESCspecific genes were significantly depleted (Fig. 1C , q , 0.05). However, no significant enrichment of iPSC-or ESC-specific genes was observed in RTT-mu-iPSCs and group 2 of RTTbi-iPSCs compared with ESCs ( Fig. 1D-I ; q . 0.05). Group1 of RTT-bi-iPSCs showed significant deletion of ESC-specific genes (q , 0.05), but did not show significant enrichment of iPSC-specific genes (q . 0.05). These results indicate that RTT-wt-iPSCs are closer to normal iPSCs than RTT-bi-iPSCs and RTT-mu-iPSCs.
Genes regulated by MeCP2 in pluripotent stem cells
To determine the gene regulation by MeCP2, the gene expression patterns between wild-type and mutant were directly compared. In addition to RTT-mu-iPSCs, we depleted MeCP2 in Table S2A and B, P , 0.05). KEGG pathway and Gene Ontology (GO) analysis revealed that genes involved in splicing and ubiquitin-mediated proteolysis are highly enriched in RTT-mu-iPSCs, which were previously shown to be associated with MECP2 mutations (11-13). (Fig. 2B) . Furthermore, genes involved in mitochondrial functions were also highly enriched in RTT-mu-iPSCs, including gene encoding mitochondrial transcription factor (NR3C1) and mitochondrial ribosomal protein (MRPS33) (Fig. 2C ). These genes are also upregulated in the mutant cells after neuronal differentiation ( Gene expression was compared in RTT-iPSCs exhibiting biallelic or monoallelic X chromosome expression. We found that only seven genes are highly expressed in monoallelic RTT-wt-iPSCs and RTT-mu-iPSCs compared with RTT-biiPSCs (Fig. 3A) . One X-linked gene, XIST are included in the monoallelic iPSC-specific genes (Supplementary Material, Table S2C ), corresponding to FISH and qPCR experiments. Fifty genes are highly expressed in biallelic RTT-iPSCs compared with monoallelic cells, of which 18 genes are on the X chromosome ( Fig. 3B and Supplementary Material, Table S2D ). The number of X-linked genes among the biallelic-specific genes is significantly higher than that expected by chance (P ¼ 9.53e-15 by hypergeometric test). The biallelic iPSCs-specific genes did not show any significant overrepresentation of GO terms and KEGG pathways, but include active histone modification enzymes (KDM4DL and MLL3).
When compared with RTT-wt-iPSCs, RTT-bi-iPSCs have a larger number of X-linked genes highly expressed than do autosomes (Fig. 3D) . While 92 genes on the X chromosome are differentially expressed (Fig. 3F ), 29 genes in chromosome 8 that has a similar size as chromosome X showed differential expression (Fig. 3G) . The differentially expressed X-linked genes were enriched on the short arm of the X chromosome, which were proposed to be evolutionally added later and to have large number of XCI escaping genes (36) (Fig. 3C) . A few number of X-linked genes, including XIST, showed higher expression in RTT-wtiPSCs than in RTT-bi-iPSCs. Among them, four X-linked genes (PNMA6A, SLC6A8, FLNA and PLXNA3) are proximal to the telomeric region, which is epigenetically variable in iPSCs (33, 37) .
In comparison between RTT-mu-iPSCs and RTT-bi-iPSCs, most of the X-linked genes are highly expressed in RTT-biiPSCs. However, less number of X-linked genes are differentially expressed, compared with those between RTT-wt-iPSCs and RTT-bi-iPSCs (Fig. 3E ). This illustrates that MeCP2 contributes to repression of X-linked genes and the MeCP2 mutation in RTT-mu-iPSCs de-represses genes on inactive X chromosome.
In autosome, there is no clear difference in the number of differentially expressed genes between monoallelic and biallelic iPSCs ( Fig. 3D and E) , suggesting the role of MeCP2 in both gene activation and repression in autosomal genes. Human
Furthermore, the expression of X-linked genes is significantly different among RTT-wt-iPSCs, RTT-mu-iPSCs and RTT-biiPSCs (Fig. 4A) . RTT-mu-iPSCs showed higher gene expression values than RTT-wt-iPSCs (q ¼ 4.43e24), but lower expression than RTT-bi-iPSCs (q ¼ 6.60e -16; Fig. 4A ). This result suggests that MeCP2 and XIST are important factors for the regulation of X-linked gene expression. Several X-linked genes were shown to escape from XCI. Carrel et al. (38) extensively classified X-linked genes into three classes: escape, subject and heterogeneous, which represent genes escaping XCI, those strictly subject to XCI, and those showing loose XCI. We used their categories and compared the expression values of X-linked genes. In the subject category, RTT-muiPSCs showed a similar expression pattern to total X chromosome genes, and exhibited significantly a higher gene expression value than RTT-wt-iPSCs (q ¼ 2.96e -2), and significantly lower expression than RTT-bi-iPSCs. (q ¼ 6.11e 2 9; Fig. 4B ). Interestingly, expression values of heterogeneous genes were significantly lower in RTT-mu-iPSCs compared with RTT-biiPSCs (q ¼ 1.64e -2), but there is no significant difference in heterogeneous gene expression between RTT-wt-iPSCs and RTT-mu-iPSCs (q ¼ 0.214; Fig. 4C ). In contrast, in RTT-muiPSCs expression values of escape genes were significantly greater compared with RTT-wt-iPSCs (q ¼ 1.66e -3), but similar to RTT-bi-iPSCs (q ¼ 0.116; Fig. 4D ). Previously, the escape genes were defined by biallelic expression regardless of XCI. However, our analysis suggests that expression of escape genes is subjected to XCI in pluripotent stem cells. Interestingly MeCP2 seems to play an active role in repressing the escape genes, but not in the heterogeneous genes. It will be interesting to examine whether MeCP2 has a similar role in differentiated cells and affects genes on X chromosomes, especially escape genes.
Regulation of distinct genes in each RTT-iPSC
Although different mutations in MeCP2 cause similar RTT symptoms, distinct cognitive and clinical consequences in patients with different mutations suggest that different functions are affected in MeCP2 (39) . In order to determine the regulation of gene expression in pluripotent stem cells by different mutations in MECP2, genes with ≥1.5-fold changes between wildtype and mutant RTT-iPSCs were compared. In order to analyze the effect of MeCP2 loss on gene regulation with those from each MECP2 mutation, differential gene expression from MeCP2 KD was included for comparison. Among affected pathways are included those involved in neurodevelopment as well as signaling transduction pathways (Fig. 5A) . Pathways, such as neuron projection development and axon guidance, were affected in MeCP2 KD, RTT4 and RTT5 mutant iPSCs, while the pathway in synaptic transmission is affected in MeCP2 KD and RTT3-iPSCs. Among non-neuronal functions, RTT4 and RTT5 mutant iPSCs showed affected pathways in small GTPase-mediated signaling transduction and Ras protein signaling pathway. Proteinaceous extracellular matrix is affected in MeCP2 KD, RTT3 and RTT4. Different types of biological pathways were shown affected by different mutations. We have performed qPCR analysis of AKT1 and NOTCH1, which are required for neuronal development. In RNA-seq, AKT1 showed differential expression in RTT2 and RTT3, whereas NOTCH1 is downregulated in all RTTs. Like RNA-seq data, AKT1 showed lower expression in RTT2 and RTT3 but not in RTT5-iPSC (Fig. 5B) . Meanwhile, we confirmed that NOTCH1 is repressed in RTT3, RTT4 and RTT5-iPSCs (Fig. 5C ). The pathways involved in stem cell development and differentiation were not affected in any of the mutations of MeCP2 or KD iPSCs (Fig. 5A) , suggesting that MeCP2 mutations do not affect stem cell development and differentiation. The functional implication of the different pathways affected by different mutations in MeCP2 will be important in elucidating the neuro-and non-neuronal pathophysiology of RTT.
DISCUSSION
In this study, comparative analyses of gene expression in RTT-iPSCs and normal ESCs/iPSCs were made using RNA-seq. We found several functions of MeCP2 in pluripotent stem cells. First, we found that the MeCP2 pathway is involved in both transcriptional up-and down-regulation in pluripotent stem cells. Previous analysis of the transcriptome in Mecp2 null or transgenic neurons showed that the major function of MeCP2 in neurons is transcription activation (6, 9, 10) . It is conceivable that the regulatory role of MeCP2 is different among different cell types, and further investigation will be needed to elucidate the mechanism of gene regulation by MeCP2. A recent study found that MeCP2 also binds to 5hmC in vitro (40) . 5hmC is enriched in active promoters, enhancers and gene bodies of ESC and postnatal brain, and is negatively correlated with MeCP2 dosages (41, 42) , suggesting that the control of 5hmC level is one of the potential mechanisms of MeCP2-mediated gene activation. Another potential possibility for controlling MeCP2 function is a brain-specific posttranslational modification of MeCP2. Phosphorylation of MeCP2 in neurons controls nervous system maturation processes such as dendritic growth and spine maturation (3, 43, 44) . Serine 80 of MeCP2, which is conserved in human, mouse and rat, is known to be specifically phosphorylated in brain and alters chromatin structure to modulate transcription levels of genes for neuronal activity (45) . Therefore, cell type-specific post-translational modification in MeCP2 may determine repressive or active functions. Second, we found that in pluripotent stem cells, MeCP2 modulates the expression of mitochondria-related genes whose expression is also altered in other neuronal diseases. In Parkinson's and Huntington's disease, the deficiency of these genes induces mitochondria-mediated apoptosis that causes excessive death of mature neurons (46, 47) . Reduction of apoptosis was previously demonstrated by down-regulation of MeCP2 in mesenchymal stem cells (MSCs) (13) . Gene expression analysis in a murine RTT model also showed an abnormality of the mitochondrial genes in RTT brain, suggesting that MeCP2 regulates common signaling pathways in pluripotent cells and brain cells (34) .
In addition to the common regulatory pathways, each MECP2 mutation in RTT-iPSCs shows different expression in genes related to neuronal development in pluripotent stem cells. Since the depletion of MeCP2 protein by KD leads to the downregulation of all pathways observed in each patient line, MECP2 KD cells have advantages to understand all potential targets of MeCP2, but are not suitable for studying patient-specific RTT pathogenesis. Our results further support the critical importance of using patient-derived iPSCs to understand the unique phenotypes and drug response in individual RTT patient.
Third, we found that MeCP2 is also important in inactivation of X-linked genes. Our data showed that MeCP2 represses X-linked genes. The repression by MeCP2 is not uniform across all X-linked genes and expression differences between RTT-wt-iPSCs and RTT-mu-iPSCs were smaller in genes, which are prone to XCI. These results suggest that the repressive effect of MeCP2 on some genes present in X chromosome is independent of XIST-mediated XCI.
In summary, our data highlight the MeCP2 regulatory pathway in undifferentiated cells. These data provide novel insights into MeCP2 functions in the undifferentiated stage and implicate the importance of dissecting the function of MeCP2 in diverse cell types for RTT.
MATERIALS AND METHODS
Cell culture
We used RTT-iPSCs generated in (18) . Retroviral preparation and infection with retroviruses encoding OCT4, SOX2, KLF4 and c-MYC complementary DNA (cDNA) driven by the LTR promoter of a retroviral vector, pMIG (MSCV-IRES-GFP) were performed as previously described (18, 48) . Briefly, retrovirus stocks were prepared by transient transfection of 293T cells using X-tremgene9 (Roche), and supernatants were harvested 48 h later. For viral infection, RTT fibroblasts were plated onto a six-well plate followed by retrovirus infection in the presence of protamine sulfate. The plates were incubated at 378C for 24 h, and then the viral supernatant was replaced with fresh culture medium (DMEM with 10%FBS, non-essential amino acid and P/S). Five days after viral infection, the cells were transferred onto irradiated MEF cells in human ES cell culture media (DMEM/F12 with 20% of knockout serum replacer, 2 mM of glutamine, 0.1 mM of b-mercaptoethanol, 4 mg/ml of FGF-2, 0.1 mM of non-essential amino acid and P/S). After 30 days, iPSC colonies, which showed absence of GFP fluorescence, were picked using a 20 ml pipette under a fluorescence microscope, and expanded on MEFs and on Matrigel (BD biosciences)
Immunostaining and FISH
Cells were grown on Matrigel-coated plates. Samples were washed with phosphate buffered saline (PBS), fixed with 4% PFA/PBS for 15 min at RT, permeabilized with 0.2% Triton X-100/PBS for 15 min at RT and blocked with 3% BSA/PNS for 2 h. Then, the following H3K27me3 antibody (Rabbit mAb #9733 from Cell Signaling Technology) was added overnight at 48C. The cells were washed with PBS and then incubated with a secondary antibody for 1 h at 48C.
RNA FISH was carried out as described previously (49) . iPSCs were grown on gelatin-coated coverslips and permeabilized by means of sequential transfer into twice ice-cold PBS for 30 s, ice-cold CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 and 10 mM pH 6.8 PIPES and RNase-inhibitor RNasin) for 30 s, and then CSK buffer containing 0.2% Triton X-100 buffer for 15 min, followed twice with CSK buffer for 30 s each. Cells were then fixed with 4% formaldehyde in PBS for 15 min and dehydrated through sequential changes of 70, 85 95 and 100% EtOH for 3 min each, followed by air drying before hybridization of the XIST probe. For the XIST probe, double-strand shorter DNA probes were generated form a G1A plasmid (50) and labeled with fluorescein-12-dUTP using the Prime-It Fluor Labeling kit (Stratagene). The probe was then hybridized with a prepared iPSC sample at 37 8C overnight in a humidified chamber.
MeCP2 depletion experiment
pLKO.1-TRC-based lentiviral vectors (shRNA against MeCP2, clones TRCN0000021239 and TRCN0000021240 from Sigma) were transfected into 293T cells together with plasmids MDL, REV and VSVL using X-tremgene9 (Roche) according to the manufacturer's instructions. The virus-containing supernatant was collected 48 h after transfection, filtered through 0.45 mm filters (Millipore, Bedford, MA, USA) and concentrated by ultracentrifugation. iPSCs were incubated in the virus supernatant supplemented with protamine sulfate for 24 h, and then the cells were replaced in fresh ES culturing medium added puromycin at a final concentration of 1 mg/ml. iPSC colonies Table S3 .
Western blotting
Cells were lysed directly in RIPA lysis buffer (50 mM pH 7.5 Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitor cocktail) and western blot analysis was performed with an antibody recognizing only the C-terminus of MeCP2 (C-17, Santa Cruz). ACTIN was used as a loading control.
RNA-seq library preparation and Illumina sequencing
Libraries were prepared according to Illumina's mRNASequencing Sample Preparation Guide for mRNA-Seq 8 Sample Prep Kit (Part# RS-100-0801). Briefly, poly-A containing mRNA molecules were purified from 10 mg of total RNA using poly-T oligo-attached magnetic beads, then fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments are copied into the first strand cDNA using reverse transcriptase and random primers followed by second strand cDNA synthesis using DNA Polymerase I and RNaseH. These cDNA fragments then go through an end repair process using a combination of T4 DNA polymerase, E. coli DNA Pol I large fragment (Klenow polymerase) and T4 polynucleotide kinase. The blunt, phosphorylated ends were treated with Klenow fragment (3 ′ -5 ′ exo minus) and dATP to yield a protruding 3-'A' base for ligation of Illumina's adapters, which have a single 'T' base overhang at the 3 ′ end. These products are then purified on 2% E-Gel EX Gel (Invirotgen #G4020-02) and enriched with 15 cycles of PCR to create the final cDNA library. Library fragments of 150 -350 bp (insert plus adaptor and PCR primer sequences) were isolated from 2% E-Gel EX Gel (Invirotgen #G4020-02). The purified DNA was captured on an Illumina flow cell for cluster generation. Libraries were sequenced on the Genome Analyzer following the manufacturer's protocols.
Data processing of RNA-seq Human genomic sequences and coordinates of RefSeq genes (version hg19) were downloaded from UCSC database. All RNA-seq reads were aligned to the reference genome by Tophat (v1.1.4) with default parameter (51) . Cufflinks (v0.9.3) were then applied to assemble the mapped reads and to calculate gene expression values (Fragments Per Kilobase of exon model per Million mapped fragments: FPKM), which is normalized by the number of mapped reads and gene size, by using RefSeq genes as reference annotation (52) . We used genes, which showed average FPKM ≥ 0.3, for further analyses. Differentially expressed genes between two phenotypes (ESCs versus cell line-derived iPSCs, RTT-wt-iPSCs versus RTT-mu-iPSCs, RTT-wt-iPSCs versus RTT-bi-iPSCs and RTT-mu-iPSCs versus RTT-bi-iPSCs) were identified by the Wilcoxon ranksum test. The number of X-linked genes in biallelic-specific genes compared with that by chance was statistically evaluated by a hypergeometric test with phyper function in R.
Enrichment analysis of ESC-and iPSC-specific genes
The expression of ESC -and iPSC-specific genes in RTT-iPSCs was analyzed by GSEA v2.0.10 software at the Broad Institute. Relative expression of RTT-iPSCs to hESCs was rank-ordered by signal-to-noise ratios. The enrichment was evaluated with 1,000 permutations of phenotype and weighted enrichment statistic Gene annotation analysis GO and KEGG pathway analysis were performed by GOstats in Bioconductor package (http://www.bioconductor.org/packages/ release/bioc/html/GOstats.html). The P-value of overrepresentation was adjusted by Benjamini and Hochberg (BH) multiple-test correction with a FDR cutoff of 0.05.
XCI-escaped gene analysis
Categories of X-linked genes ('escape', 'heterozygous' and 'subject') were obtained from the previous report (38) . All primers were mapped to hg19 Refseq cDNA sequences with exact match. Genes, for which both forward and reverse primers are assembled to unique RefSeq X-linked gene, were retained. Finally, 44 escape, 50 heterogeneous and 257 subject genes were obtained by the above criterion. Significant differences in gene expression values among all RTT-iPSCs were evaluated by the Wilcoxon rank-sum test. Then, the q-value was calculated by the BH method using p.adjust function in R.
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